Understanding patterns of burrow-use behavior can provide insights into social structure and may have important implications for management of threatened or endangered species. Most kangaroo rat species are assumed to be solitary, but some populations of the endangered Stephens' kangaroo rat (Dipodomys stephensi) exhibit aggregated burrow associations. Observation of burrow-use patterns over a period of 2 years allowed us to assess the extent of burrow sharing, providing insights into the degree of sociality in this species. Understanding burrow-use patterns also is critical for conservation because the most widely used technique for population estimation for this species relies on a linear relation between burrow density and population size. Although the density of burrow entrances is known to correlate positively with population density, very little is known about how robust this correlation is in the face of changing demographic and environmental variables. Over 14 threenight sessions, burrow entrance sharing occurred between 26% of individuals, with up to 4 individuals sharing a single burrow entrance. The predominant burrow sharing combination (42%) was adult males with adult females. The number of burrow entrances used varied by location and by age of inhabitant. The relationship between density of burrow entrances and that of D. stephensi varied significantly by location but not by date, and individuals in high-density populations used fewer burrow entrances than individuals in low-density populations. Consequently, variation in location, population density, and ratio of juveniles to adults should all be considered when using the method of counting burrow entrances to estimate population size. When these factors vary, the relationship of burrow entrance count to D. stephensi density may need to be recalibrated to predict density accurately. We recommend this method be employed cautiously and that results obtained be interpreted as conservative estimates of population size.
The potential for ecology to inform conservation planning has become widely recognized (Caro 1998; Clemmons and Buchholz 1997; Gosling and Sutherland 2000) , and a body of literature is developing that connects these 2 fields of research. Recommendations for reserve and corridor designs have been generated from behavioral research on dispersal patterns by rare species such as swarm raiding army ants (Eciton burchelli-Boswell et al. 2000) , and captive breeding programs have been facilitated by studies of reproductive behavior in cheetahs (Acinonyx jubatus -Caro 1993) , black rhinoceros (Diceros bicornis -Jones 1979) , and other species (Lindburg and Fitch-Snyder 1994; Wielebnowski 1998) .
Although behavioral studies are being incorporated into conservation research efforts more frequently (Eadie et al. 1998) , this is rarely true for small mammals. An example is Stephens' kangaroo rat (Dipodomys stephensi); although this has been the subject of considerable conservation-oriented research since it was listed as an endangered species, only a small fraction of this research has focused on behavior (Riverside County Habitat Conservation Agency in litt. ; United States Fish and Wildlife Service 1997) . Like all kangaroo rats, D. stephensi constructs burrows to serve as sleeping quarters and nesting sites (Bleich 1977; Jones 1985) . No information is available, however, on the degree of burrow sharing or number of burrows used by individual Stephens' kangaroo rats. Addressing these topics should lead to improved understanding of social structure in D. stephensi and to improved conservation management of this endangered species.
Establishing social patterns in D. stephensi is interesting in its own right because some evidence suggests a greater degree of sociality in this species than is generally attributed to kangaroo rats (Jones 1993; O'Farrell 1990; Randall 1993) . D. stephensi is thought to be solitary (United States Fish and Wildlife Service 1997) , although this is based primarily on reports of intraspecific agonistic behavior in related species (Daly et al. 1984; Eisenberg 1963; Thompson 1995) ; no direct evidence of intraspecific agonism exists for D. stephensi, however. Further, unlike kangaroo rat species that have been confirmed to be solitary, burrows of D. stephensi frequently are found clustered in burrow complexes (i.e., discrete patches with burrow entrances ,1 m apart-O'Farrell and Uptain 1987; United States Fish and Wildlife Service 1997). Neighboring burrow entrances often are connected by a series of tunnels and aboveground pathways (O'Farrell 1990) , and D. stephensi also uses burrow networks of pocket gopher (Thomomys bottae) and California ground squirrel (Spermophilus beecheyi- Burke et al. 1991; O'Farrell and Uptain 1989; Thomas 1975) , which often are highly connected. The concentration and interconnection of Stephens' kangaroo rat burrows suggests that multiple individuals might use the same burrow complex (O'Farrell 1990) .
Because the density of D. stephensi burrow entrances has been shown to correlate positively with population density, burrow entrance counts have become a standard means of estimating population size for this species (O'Farrell 1992; see also Cross and Waser 2000 for application of this method to D. spectabilis). This method is both more rapid and less costly than traditional live trapping techniques, is nonintrusive, and was developed to circumvent difficulties and cost associated with live-trapping censuses of this species (O'Farrell 1992) . In spite of its popularity (e.g., the population viability model employed in the Riverside County Habitat Conservation Plan [M. Gilpin in litt.]), little is known about how spatial, temporal, and demographic variables influence the relationship between burrow entrance density and population density. The predictive power of burrow entrance indices would be seriously compromised if the number of burrow entrances used by individuals or the number of individuals per burrow varies either spatially or temporally. Burrow entrance density has been shown to provide an accurate index of population density in some rodent species (S. beecheyi-Owings and Borchert 1975) but not in others (Cynomys ludovicianus- Powell et al. 1994) . Moreover, the predictive power of this method for S. townsendii has been shown to be reliable in some populations but highly questionable in others (Nydegger and Smith 1986; Van Horne et al. 1997) .
We examined patterns in the use of burrow entrances by D. stephensi to assess degree of burrow sharing and the demographic structure of sharing groups, and to evaluate reliability of burrow entrance counts for population estimation. Frequency of burrow sharing was evaluated with respect to location (i.e., trapping grid), month, and a variety of demographic variables to assess whether these factors were correlated with sharing. To evaluate other parameters besides burrow sharing that might cause variation in number of burrow entrances used, we compared number of burrows used across location, month, and various demographic parameters. The relationship between burrow entrance density and D. stephensi population density was compared among trap grids and between bimonthly trapping sessions. Based on these tests and the burrow sharing analysis, we established how demographic, spatial, and temporal factors influenced the relationship between burrow entrance density and D. stephensi density. This allowed us to assess reliability of burrow entrance counts for estimating population size of the endangered Stephens' kangaroo rat. Although this method has serious limitations, it remains the only low-cost and relatively loweffort means of censusing this endangered species, so we provide some general guidelines to improve the accuracy of this method.
MATERIALS AND METHODS
All fieldwork was conducted at the Roy Shipley Multi-Species Reserve in southwestern Riverside County, California (308379N, 117829W) between May 1997 and May 2000. Separate studies were undertaken to examine patterns of burrow use and the relationship between burrow entrance density and D. stephensi population density. All research was approved by the Animal Care and Use Committee at the University of California at Davis and was conducted under a memorandum of understanding between the University of California and the California Department of Fish and Game.
As part of a larger study on the ecology of small mammals at this site, individuals of D. stephensi were trapped bimonthly between May 1997 and September 1999 on 10 trapping grids dispersed over a 40-ha area. Grids consisted of 49 large Sherman live traps (10 Â 10 Â 25 cm) in 7 Â 7 arrays with 10 m between stations (about 0.60 ha). Although O'Farrell et al. (1994) reported poor trapping results with Sherman traps relative to open-mesh live traps, trap success at our site routinely was 40-60% using Sherman traps. Traps were baited with millet seed that had been sterilized in a microwave oven to prevent germination. Each session consisted of 3 consecutive nights of trapping, and traps were checked both at midnight and at dawn. Animals were permanently marked with passively inducible transponders (PIT tags) and weighed, and sex and reproductive status were recorded. Males were considered reproductively active if testes were enlarged and scrotal, and females were considered receptive if the vulva was swollen. Juveniles were distinguished from adults by their smaller size (,55 g), lighter color, and neotenous characteristics (e.g., relatively longer limbs and larger heads for their body size).
Upon release, individuals were passively followed until they fully entered a burrow. Individuals were tracked passively to limit disturbance to their natural movement and burrow choice patterns; observers moved slowly and never ran or otherwise startled individuals, generally staying 3-9 m from kangaroo rats. Individuals appeared not to be influenced greatly by the observer's presence, since they moved slowly, often stopping to forage or sand bathe, and did not necessarily retreat into the closest burrow as might be expected if they were trying to escape. It is worth noting that Stephens' kangaroo rats are remarkably docile and tolerant of people. Based on our experience, when captured they rarely struggle or attempt to bite, and upon release they do not immediately run for cover; generally they look about and then begin what to all observers appears to be routine foraging, sand bathing, etc.
Burrow entrances used were uniquely marked for subsequent analysis. Each monitored individual was captured and followed 4 to 6 times per session. Because this species is very readily trapped it was not uncommon to capture the same individual at midnight and again at dawn.
Although entering a burrow does not conclusively establish ownership of that burrow, animals were observed until they were no longer visible, suggesting that they were at least using this burrow for temporary shelter. Radiotracking was not possible at our site due to regulatory complications, but methods used here provide a conservative index of the number of burrows with which an individual is familiar and will enter, and the number of individuals that are familiar with any given burrow. It is worth emphasizing, however, that estimates of burrow use provided herein are conservative because animals were observed only for a brief period of their nocturnal activity. Longer or more detailed tracking (e.g., with radios) likely would show these animals using more burrows than we documented. This study assumes that individuals were entering burrows that they were sufficiently familiar with to be used at least occasionally.
The percentage of tracked individuals sharing 1 or more burrows was determined for each trapping session, and observations of burrow sharing were divided into categories to assess whether certain sharing combinations tended to predominate (i.e., males with females, adults with juveniles, etc.). A series of attributes of individuals sharing burrows was examined, including sex, age class (i.e., juvenile versus adult), mass, reproductive condition, date, location, and population density, using chi-square, t-tests, and nonparametric analysis of variance (Kruskal-Wallis). Results were Bonferroni adjusted (Rice 1989) as needed. Games-Howell tests for pair-wise contrasts were applied to these data because sample sizes and variances were unequal (Day and Quinn 1989) . SPSS software (SPSS Inc., Chicago, Illinois) was used for both these analyses. For the temporal analysis, the mean sharing frequency across 10 trapping grids was calculated for each session so that mean frequency of sharing among the 14 sessions could be compared. For the spatial analysis mean sharing frequency in each trapping grid was calculated across the 14 sessions. Sharing frequency as a function of population density was evaluated by regressing the mean percentage of individuals sharing burrows (averaged across the 14 sessions) against mean population density at each of 10 trapping locations.
We evaluated the number of different burrow entrances used by individuals as a function of sex, age class, mass, reproductive condition, date, location, or population density. After the 1st trial, an individual could either return to the same burrow entrance or go to a new burrow entrance (referred to as new burrow hereafter). This binary outcome was analyzed using logit regression software (SAS, Proc Genmod, SAS Institute Inc., Cary, North Carolina). The logit model weights individuals by number of observations made (i.e., number of times an individual was followed; n ¼ 4-6). The analysis tested whether the number of new burrows used depended on sex, age, mean mass (of individuals within a session), reproductive status, location (trapping grid), date (i.e., which bimonthly session), or population density. Densities for each trapping location and every session were estimated by calculating the total number of individuals captured during the 3 nights of trapping at each location. Because capture probabilities at our site were very high, the number of animals captured was very similar to the minimum number known alive (MNKA; across the first 12 trapping sessions these methods differed by only 3%).
Burrow entrance counts were conducted in conjunction with bimonthly trapping sessions. Active burrow entrances were counted using standard methods (O'Farrell 1992); active burrow entrances (i.e., with obvious signs of ingress and egress and not blocked by soil or debris) were counted along a 2-m wide transect parallel to our permanent trap lines for each of 10 trapping grids (i.e., seven 60 Â 2 m belt transects per grid ¼ 840 m 2 , approximately 8% of the trapping grid).
Burrow counts and trapping densities were normalized with a square root transformation. Two separate analyses of covariance (ANCOVA) were conducted to compare burrow entrance density to population density across time and across space (Zar 1999) . Trapping session (numbers 1-14) was used as a covariate when testing for temporal variation in slope, and trapping grid (number 1-10) was used as the covariate when testing for spatial variation in slope. A posteriori Tukey tests were employed to test for pair-wise differences in slopes (Day and Quinn 1989) .
If the relationship between population and burrow entrance density varied either temporally or spatially, further tests were conducted to determine whether observed differences in this relationship correlated with differences in D. stephensi population density. Linear regression was used to test whether the slope of the best fit line by session (n ¼ 14) or location (n ¼ 10) was correlated with mean D. stephensi population density for the same time or place.
RESULTS
Our study site supported a relatively dense population of D. stephensi, and burrow-use data were obtained from 1,673 trials with 348 individuals. Different individuals were observed during each trapping session, so burrow-use trials for each bimonthly session were treated as independent. Because D. stephensi population density varied greatly across the 10 trapping locations, sample sizes between locations were not equal.
Ninety-two individuals (26% of individuals sampled) shared at least 1 burrow entrance with another individual within a trapping session. Sixty-nine of these individuals (17% of all animals observed) shared a single burrow entrance, whereas 23 individuals (9% of all animals observed) shared 2 burrow entrances. No animals shared more than 2 burrow entrances within a session.
Kangaroo rats shared burrow entrances in varying combinations of age and sex; most groupings were 2 individuals (93%, or 137 of 148 observations). Three individuals sharing entrances was much less common (10 of 148), and only 1 time did we observe 4 individuals sharing an entrance. For groupings of 2 kangaroo rats, the most common combination was 2 adults, constituting 64% (94 of 148 cases observed) of observations. Of these, 62 were 1 male and 1 female, 21 were 2 males, and 11 were 2 females. The next most common grouping (23%, or 34 of 148 observations) was 1 adult and 1 juvenile. Of these, adult males shared with juvenile females in 12 cases and with juvenile males in 4 cases, and adult females shared with juvenile females in 12 cases and with juvenile males in 9 cases. We did not observe any groupings of 2 juveniles sharing an entrance.
In only 7% of cases (10 of 148), 3 kangaroo rats shared an entrance. We observed 6 incidences of 3 adults sharing: 3 males (1 of 148), and 2 males and 1 female (3 of 148). We also observed 3 cases in which 2 adults and 1 juvenile, in various sex combinations, shared an entrance. We observed no incidences of 3 juveniles sharing an entrance. As noted above, we saw only 1 case of 4 kangaroo rats sharing an entrance (2 adult males and 1 juvenile of each sex).
Sharing frequency among adults was independent of sexual receptivity and gender (2 Â 2 Â 2 contingency Fig. 1b) . Games-Howell a posteriori tests demonstrated that animals in trapping grid 3 had a greater frequency of burrow sharing than animals in trapping grids 7-10 (P , 0.008 for all comparisons), although this was not significantly different from that observed in the remaining grids (Fig. 1) . Mean frequency of burrow sharing correlated positively with mean population density of D. stephensi (linear regression analysis; adjusted
The number of new burrow entrances used per animal differed significantly by location and age but not by sex, mass, reproductive condition, date, or density (logit regression; Table 2 ). Multiple contrasts indicated pairwise differences between 9 combinations of the 10 locations. Juveniles chose new burrow entrances more often than adults.
Three trapping locations (locations 6, 8, and 9) were excluded from this analysis because very few or no individuals were captured there in any session, and data for these sites could not be transformed to normality. The relationship between burrow entrance density and D. stephensi density varied significantly across trapping locations but not across sessions (Table 3) A posteriori comparisons (using a 5% critical value) of the slope of this relationship between trapping grids demonstrated that the slope of this relationship for grid 3 (b ¼ 0.37) was significantly lower than all other locations except grid 4 (b ¼ 0.38). Grid 4 was significantly lower than grids 1 and 7 (b ¼ 0.48 and 0.52); finally, grids 2, 10, and 5 (b ¼ 0.44, 0.47, 0.48) were neither significantly greater than grid 4 nor significantly lower than grids 1 and 7. The relationship between regression slope and mean population density across 7 locations was significant and negative (linear regression analysis; adjusted r 2 ¼ 0.854, F ¼ 29.327, d.f. ¼ 6, P , 0.0004; Fig. 2 ).
DISCUSSION
Our data suggest that D. stephensi shares burrows to an extent that is both greater than previously reported (Bleich 1977; Jones 1985) and unusual for kangaroo rats (Schroder 1979); Jones (1993:583) noted that ''adults probably defend territories, or at least burrows, in all Dipodomys species.'' Most kangaroo rat species are solitary even during the breeding season, and social intolerance is the norm (Jones 1993; Yoerg 1999) . Adults virtually always defend their burrows against other adults, although males and females cohabit during the breeding season in some cases, and delayed dispersal of D. spectabilis juveniles leads to temporary cohabitation of family groups (Jones 1984 (Jones , 1993 . If the sharing combinations seen in this study are supported by further research, it may suggest that cohabitation in D. stephensi is not limited to social groupings observed in other kangaroo rat species. Although burrow sharing between a single male and a single female was the predominant sharing combination in this study, it was not more common among reproductively receptive individuals, suggesting that male and female cohabitation is not limited to periods of breeding activity.
Limited dispersal potential for juveniles may elevate levels of communal living in D. stephensi as well. Extensive loss of suitable habitat in southern California has restricted extant populations to relatively small patches of habitat with reduced connectivity (Goldingay et al. 1997; O'Farrell 1990) , possibly inhibiting juvenile dispersal from natal burrows. Benefits of sociality (e.g., increased defensibility of communal resources [Travis and Slobodchikoff 1993] or the selfish herd effect [Hamilton 1971 ]) could favor increased tolerance of conspecifics in D. stephensi, although local habitat quality and dispersal constraints seem more likely.
It would be naive to assume that this study has fully documented patterns of burrow sharing by this species. Because radiotelemetry was not an option, subterranean activities could not be tracked. O'Farrell and Uptain (1987) reported that most burrow systems at 1 site had a single entrance, although as many as 9 entrances were recorded for 1 burrow system. It is likely that most burrow systems at our site had multiple entrances, and these may be variably interconnected. Nonetheless, shared burrow entrances do not necessarily translate to shared nesting chambers or shared food stores. Further work should employ radiotelemetry or track individuals more closely and monitor day-chambers over time. Another alternative, albeit rather expensive, would be the use of circular antennas linked to PIT tag readers (Harper and Batzli 1996) , which could be placed at the entrance to burrows.
Perhaps more informative to conservation managers are our results on factors influencing burrow use and the relationship between burrow entrances and population density. Assessment of population density by counting active burrows was initially developed to provide a cost-effective means of assessing populations of this species. Our data indicate that spatial and some demographic factors (e.g., age and density) influence patterns of burrow use in D. stephensi, whereas temporal and other demographic factors (e.g., reproductive condition, sex, and body size) did not have significant effects. The 3 metrics used in this study (total number of burrow entrances used, frequency of burrow entrance sharing, and relationship between burrow entrance density and population density) all exhibited significant spatial variation (Table 2 ; Fig. 1 ), suggesting that local variables (e.g., soil qualities, vegetative structure, etc.) influence the probability of burrow sharing. Alternatively, differences in burrow use between locations could merely reflect differences in population density among sites (in turn influenced by habitat quality). Supporting the latter hypothesis, the number of burrow entrances used did not increase with D. stephensi density, but frequency of sharing among individuals did. If burrow sharing by individuals results in proportionally fewer burrows being used across the population, the slope of the relationship between burrow entrance density and population density should be lower for locations with greater abundances of D. stephensi. This appears to be the case; locations with the highest D. stephensi densities had the lowest slopes (Fig. 2) . The locations studied here all occur within a relatively limited spatial area (about 40 ha). Consequently, any significant relationships likely are conservative relative to what might be observed over larger spatial scales. This spatial variation is an important factor to consider when using burrow entrance counts to enumerate D. stephensi. Two precautions may help ensure accurate predictions based on burrow entrance counts. First, relationships between burrow density and population density are relatively site specific. In the current study, for example, if the relationship derived for grid 7 was applied to grid 3, it could yield erroneous population estimates that were roughly 50% high or 100% low, depending on where the population was along the axis of D. stephensi density. Second, burrow entrance/density relationships produced by combining data across multiple sites are unlikely to provide robust estimators for any 1 site. Accurate predictions may require that relationships be calculated at each location by repeatedly sampling that location over time rather than sampling across multiple locations at any single time. The population viability analysis prepared for the Riverside County Habitat Conservation Agency obtained population estimates from a burrow entrance/density relationship that was based on 37 different trapping locations across multiple reserves (M. It is worth emphasizing that extensive temporal replication at 1 site may not be applicable to other sites, and accurate burrow/ density relationships may need to be developed for each site that is being monitored. Once the relationship is developed, subsequent censuses likely will be required to confirm that a local population is not diverging from the original relationship between burrow and population densities. The results of comparisons of burrow entrance use across sessions provide further support for calculating relationships by repeatedly sampling over time rather than across space. The number of burrow entrances used, frequency of sharing burrow entrances, and the relationship between the number of burrow entrances and population density did not differ significantly across trapping sessions within sites. Spatial variation in burrow-use patterns evidently is greater than temporal variation.
The limited temporal variation in the burrow entrance-todensity relationship may be surprising, since seasonal changes in vegetation would be expected to alter burrow visibility. When burrows are obscured by vegetative growth, counts of burrow entrance are more likely to miss active burrows, resulting in lower counts and an altered burrow entrance/ density relationship. Using burrow entrance/density relationships established in one season to predict density in another season has been advised against to avoid this problem (O'Farrell 1992) ; data presented here suggest that seasonal changes in this relationship may not be substantial and are markedly less than that observed between sites.
The only demographic variable that appeared to influence the number of burrow entrances used was age (linear regression analysis; P , 0.003), likely reflecting seasonal changes in the number of juveniles in a population. Consequently, changes in the ratio of juveniles to adults should be considered when interpreting population estimates based on the burrow entrance count method.
Finally, males tend to share burrow entrances more often than females (31% and 22% of cases, respectively), although these were not significantly different. This trend toward disproportionate sharing in males is consistent with findings from other studies on this species that indicate greater overlap in male home ranges (P. A. Kelly and M. V. Price in litt.; Price et al. 1994) . If burrow sharing reduces the number of burrows used per capita, and males share burrows more frequently than females, the burrow entrance-to-density relationship might be expected to change with shifts in population sex ratio. Seasonal changes in sex ratios have been reported in populations of D. stephensi (McClenaghan and Taylor 1993) , and such changes should be considered when interpreting population estimates from the burrow entrance count method. This may not be readily accommodated, however, since the existence and magnitude of such changes may vary across years and is not readily evaluated without live trapping. Consequently, this caveat may undermine the basis of the burrow count method. In general we recommend this method be employed cautiously and that populations occasionally be recensused (with live trapping) to continuously recalibrate the method. Finally, managers should interpret estimates provided by this method as potentially conservative and minimum estimates of population size. Although burrow counts remain the most economical means of censusing populations of Stephens' kangaroo rat, limitations associated with this approach appear to be greater than previously thought. -Relationship between mean (61 SD) population density and the efficacy of the burrow count index. The ordinate gives the slope of the relationship between population density of Dipodomys stephensi and the density of burrows at 7 trapping locations. Locations 6, 8, and 9 are not included due to low sample size.
